Objectives The aim of this study was to evaluate the systemic effect of negative pressure wound therapy (NPWT) on the treatment of complicated wounds in dogs.
Introduction
The first phase of wound healing, namely the inflammatory phase, involves three major components for healing: inflammatory cells, inflammatory mediators and thrombocytes. 1, 2 The process is quite similar between species, 2 but differences in healing capacity have been described for different species including dogs and cats, as well as horse and ponies. [3] [4] [5] [6] The current knowledge of physiological and delayed wound healing in dogs has mainly been transferred from facts generated in humans, 7 with a lack of species-specific pathophysiological studies of healing. Studies in humans and pigs have suggested that negative pressure wound therapy (NPWT) exerts profound effects on the wound including cytokine-and even gene modification. 8, 9 The systemic effect of this therapy is still under debate with a very few studies investigating this aspect. A study of diabetic ulcers in man found no effect on systemic leucocytes with a beneficial effect on C-reactive protein (CrP) development under therapy. 10 Interestingly, clinical trials in dogs and cats suggest that there might be an impact on systemic infection, especially development of systemic signs of systemic inflammatory response syndrome and sepsis in patients treated with NPWT. Nolff and colleagues retrospectively detected improved infection control and fewer cases with progressing signs of sepsis under NPWT compared with polyurethane foam treatment in dogs and cats. 11, 12 But so far, there are no prospective randomized studies available to underline and quantify this effect. It is generally accepted that a wound is a local problem that should have little systemic impact, 1 which might be one of the reasons why systemic impacts of treatment are not frequently investigated. However, previous studies demonstrated that one of the main reasons for open wound treatment in dogs and cats is uncontrollable infection frequently linked with systemic signs of sepsis. 11, 12 In contrast to chronic wounds of other origin, this subtype of wounds represents a group in which systemic effects frequently complicate the situation. Failure to control local and systemic infection are the main reasons for unsuccessful treatment of these patients. 11, 12 Wound infection-especially early stages-is not always easily differentiated from normal healing. The presence of bacteria alone is not helpful, since the bacterial bioburden can be present without major harm of the patient. 13 Therefore, it seems reasonable to investigate if there are systemic factors, measurable in a clinical examination or in a standard blood test, which might be influenced by treatment-and furthermore-if any of those actually qualify as prognostic factors to identify ongoing infection and potentially predict unsuccessful treatment. This is why we decided to restrict our focus for systemic inflammation on the following parameters. The aim of this study was to evaluate the effect of NPWT on several systemic parameters and to compare it to a foam dressing treatment protocol to identify differences. Furthermore, the prognostic value of rectal temperature, heart rate, leucocyte count, band neutrophil count, haematocrit, thrombocyte count, total protein, albumin and CrP on day 0-5 and 10 was evaluated. The hypothesis was that NPWT would positively influence several systemic parameters such as signs of infection. Furthermore, we suggested that prolonged signs of infection such as progressive leucocytosis, CrP increase, an increase in temperature or heart rate would be related to unsuccessful wound closure after open wound treatment and if one or more of these parameters could be employed as a prognostic factor for a successful wound healing.
Materials and Methods
The study was performed between July 2014 and September 2016 after approval of the ethic commission of the faculty (22-27-02-2014 
Treatment Protocols
After owner consent, the patients underwent a general clinical examination, and further diagnostic steps if necessary. A haematology, serum chemistry profile as well as CrP were obtained from all patients before initiation of therapy. All wounds were then debrided and lavaged, while the patient was under general anaesthesia using polyhexanide biguanide (Prontovet; B. Braun, Melsungen, Germany). In Group A, NPWT was performed at a continuous pressure of -125 mm Hg (V.A.C. GranuFoam; TracPad; ActiVAC, KCI, Wiesbaden, Germany). In Group B, the wounds were initially covered using a foil-coated foam dressing (ALLEYVIN Cavity; Smith & Nephew GmbH, Hamburg, Germany) sutured to the surrounding skin and changed as needed. Once wound exudation had decreased to a level which allowed the dressings to be left in place for more than 24 hours, the dressing was changed to silver-coated foam (Acticoat Moisture Control; Smith & Nephew GmbH). Planned dressing changes were performed every 3 days during the first 9 days, and every 2 to 3 days thereafter in both groups. All patients received treatment with amoxicillin/clavulanic acid at a dose of 12.5 mg/kg three times a day (intravenously as long as venous catheters were present, followed by oral administration). Antibiotic treatment was adjusted based on the results of microbiological culture if needed. Analgesia was performed based on the degree of the injury either using fentanyl-ketamine-lidocaine constant rate infusion for 3 days followed by transdermal fentanyl or a pure fentanyl constant rate infusion for 12 hours, followed by transdermal fentanyl. In cases where prolonged analgesia was needed, this was achieved by administering tramadol orally (5 mg/kg three times a day). No non-steroidal drugs or cortisone were permitted in any patient during treatment. Additional treatment was performed as needed based on the severity of the condition of the patients.
Special Investigated Parameters
The following parameters were assessed at day 0 to 5 as well as day 10: rectal body temperature (°C), heart rate (BPM), leucocyte count (109/L), band neutrophil count (109/L), CrP (mg/L), haematocrit (%), thrombocyte count (109/L), total protein (g/L) as well as albumin (g/L). Complications were defined as severe local deterioration of the wound, increased exudation, increased infection or necrosis of surrounding areas or systemic infections precluding closure under therapy. If successful management of the wounds was not achieved under the randomized treatment option, treatment was changed to the most successful potential alternative (foam!NPWT, NPWT!NPWT with instillation of a solution, NPWT ! amputation in case of a limb injury) and patients were classified as 'unsuccessful closure achieved under therapy'. Wounds were considered successfully treated if complete closure was achieved and no complications necessitating further surgical treatment developed within 6 weeks after closure. appropriate power (>0.8) were tested for normality using Shapiro-Wilk test. Significance was set at p < 0.05 and evaluated using t-test for independent means in normally distributed data. Non-normally distributed data were tested using the Mann-Whitney U test. Finally, cutoff values were determined using receiver operating characteristic analysis for parameters that reached significance (►Fig. 1).
Results
A total of 21 dogs with 22 wounds located at the different body areas including the trunk as well as the extremities were enrolled within the study. One dog developed two separate wounds at different time points and was thus included twice, resulting in a total of 11 wounds included per group. There were no significant differences between groups regarding the mean age (NPWT: 69 months [range: 
Comparison of Systemic Parameters within Treatment Groups
None of the parameters tested showed significant differences within the treatment groups. Patients in both groups initially showed mild leucocytosis and mildly increased band neutrophil counts, especially at days 1 and 2 after surgery, which normalized during the course of treatment in both groups. In contrast to leucocytes, mean CrP increase was profound, with a peak after the initial debridement and slow decrease during the time of the study; however, in contrast to leucocytes, mean CrP did not reach normal values during the course of observation. Total protein already showed a minimal decrease in the NPWT group at day 0, and further decreased mildly in both groups during the observation period. Mean total protein as well as albumin on day 0 was within normal limits with a slow decrease in both groups with a nadir at day 5 followed by an increase at day 10. Interestingly, total protein was the parameter with the largest detected treatment associated effect (Cohen's-d between 0.6 and 1) at all days, while no effect of treatment (Cohen's-d 0-0.2) was detectable regarding albumin development throughout the whole time. Due to the relative small detected effects, none of the tested parameters reached a sufficient power (>0.8) for further testing. However, within the group of tested parameters, the largest effects of therapy were detected for total protein.
Comparison of Systemic Parameters With Regard to Closure
Wound closure under initial therapy was achieved in 16/22 wounds. Six out of twenty wounds developed serious complications precluding closure under the chosen regimen. Within the wounds treated with NPWT, one dog developed severe thromboembolism of the entire vasculature of the lower limb and paw, resulting in necrosis as confirmed by histopathology. Therapy was discontinued at day 13 and the limb was amputated. The second patient had a severe soft tissue infection and osteomyelitis of the distal phalanx bone of the fourth left hind digit. The dog removed the dressing and caused severe automutilation during therapy; therefore, high amputation of the toe followed at day 32. The wound finally healed, but the dog developed septic myocarditis and died.
Within wounds treated with a foam dressing, therapy had to be discontinued due to progressive wound infection at day 4 in one patient, as well as due to severe ongoing panniculitis and systemic sepsis in two more patients at days 7 and 10. In the fourth patient, large volumes of wound discharge necessitated multiple dressing changes per day. As wound excretion did not decline by day 10 and no real granulation occurred, this patient was removed from the study and transitioned to NPWT treatment, resulting in decline of discharge and smooth granulation of the wound. One patient in each group died due to wound-related causes (severe infection), while in both groups one patient that was successfully treated died due to unrelated reasons (intraabdominal haemorrhage and end-stage cardiac disease) at 3 and 6 months after wound closure.
The majority of patients showed signs of local infection (17/23) and positive bacterial culture, on initial wound evaluation with no significant differences detected between groups. Mean leucocyte counts were increased at day 0 and 1 in patients in which closure was successful, while they stayed within normal limits in patients where no closure was achieved. Band neutrophils also tended to be higher in patients with successful closure, indicating a more profound immune reaction. However, neither the leucocyte count at day 1 nor the band neutrophil count at days 1 and 2 was significant (power > 0.85). In contrast to this, an initial increase in CrP was evident in both groups; however, while patients in which no closure was achieved started with a lower CrP compared with 'closed' patients, values after debridement at day 0 became comparable, with a trend of constant decrease in patients with successful closure, with slower decrease or even increase in non-closed patients (►Fig. 2). The difference in CrP levels in patients with no closure was achieved was significant for day 4, 5 and 10 (p < 0.05). The highest sensitivity (80) and specificity (85.71) were reached for a cutoff value of >70.2 mg/L at day 4. Cutoff values at day 5 and day 10 did not reach equally reliable predictive values for positive and negative outcome (►Table 1). Thrombocytes were lower in non-closed patients at all time points. Protein and albumin both showed mild decreases during treatment; however, values tended to be higher in non-closed patients. A summary of mean values, standard deviation, effect size and p-value reached for all tested parameters can be found in ►Table 2.
Discussion
To consider the fact that open wounds can be very heterogeneous in size, location and presence of infection, the wounds were treated as assigned by randomization. To minimize the diversity of wounds and to keep the groups comparable, we tried to include patients with comparable wounds, according to localization and origin (►Supplementary Appendix Table 1 , available in online version only), so that there was no kind of over-or under-representation of a particular type of wound.
The aim of the present study was to evaluate the systemic effect of NPWT for the treatment of complicated wounds.
Based on the results of the present study, we cannot fully support the hypothesis that NPWT would positively influence signs of systemic infection. This finding is especially interesting compared with previous studies, which documented fewer cases with progressing systemic inflammation under NPWT treatment compared with foam. 12 This might have been overestimated previously due to study design (retrospective nature, lack of randomization). However, in contrast to the retrospective reports 12, 14 only few patients in our study showed a systemic inflammation at the beginning or during therapy. It might, therefore, also be possible that systemic effects of NPWT might become more obvious in patients that already exhibit more profound systemic signs at initiation of therapy.
We were only able to detect minor effects of NPWT for all tested parameters with exception of protein loss; therefore, this parameter might be worth further investigation. There is currently only one additional study available that investigated protein losses under NPWT treatment in humans. 15 The authors recorded a median total protein loss of 25 AE 17 g/d in patients treated with NPWT for the management of open abdomens and 8 AE 5 g/d for soft tissue wounds. Unfortunately, these authors did not correlate total protein losses in wound exudates to systemic values. 15 It is questionable, if the observed systemic difference in total protein in our study is really related to NPWT treatment, or rather to the fact that the mean protein score at day 0 was lower in NPWT-treated patients compared with the foam treated patients. It is, therefore, not certain if the observed lower total protein in NPWT was really related to the therapy regimen or rather represents an effect of uneven randomization between groups.
Our second hypothesis was that prolonged systemic signs of inflammation would be present in patients where successful closure was not supported. Wound healing is a complex process of inflammation followed by proliferation and tissue maturation. 1,2 While inflammation plays a major part in initiation of this cascade, it becomes detrimental if it persists. 16 There are three components representing the cornerstones for successful healing: cells of the immune system (e.g. polymorphonuclear leucocytes, monocytes, macrophages, mast cells, T-cells), inflammatory pathways (e.g. interleukin-1β, tumour necrosis factor) as well as the coagulation system (e.g. thrombocytes, contact activation pathway, tissue factor pathway). 2, 16 With regard to this knowledge, we found some interesting trends: patients with higher initial leucocyte, band neutrophil counts and thrombocyte counts were more likely to achieve closure.
Leucocytes have an important role in wound healing: they prevent spread of infection by bacterial decontamination and initiate the healing response by secretion of mediators important for fibroblast recruitment. 1, 2, 16, 17 After activation of the complement system, platelet degranulation and ongoing bacterial degradation attract neutrophils to the scene. 18 The observed phenomenon of initially higher counts of leucocytes in patients with successful closure might indicate a better or faster immune response leading to a positive effect on subsequent wound healing. Similar observations have been made in horses before, 3 but not in dogs. In ponies, leucocytes produce more inflammatory mediators, resulting in improved local defence, faster cellular debridement, and a faster transition to the repair phase, with more wound contraction. 3 Our results may indicate that delayed and insufficient leucocyte recruitment might be one of the steps leading to progressing local infection and delayed healing. However, further studies elucidating the principal pathways and effects on healing in dogs would be needed to verify this finding. Besides inflammatory cell types, the coagulation cascade is an integral part of the inflammatory phase. 2 While these cells are mostly recognized due to their role in haemostasis, they serve as an important source for over 300 different growth factors including chemokines and cytokines (platelet derived growth factor, transforming growth factor-β1 and β2, fibroblast growth factor, epithelial growth factor etc.). 19 Activated thrombocytes modulate phagocytosis, production of neutrophil extracellular traps and oxidative burst in neutrophils, thereby contributing to the host immune reaction. 20 Furthermore, they modulate early events in wound healing including neovascularization and recruitment of fibroblasts. 19, 21 Finally, platelets localize and adhere to sites of bacterial lesions. 20 Many of their cytokines actually have direct antibacterial effects and activated platelets can directly bind and internalize bacteria themselves. 20, 22 In the present study, thrombocyte counts were decreased in patients who did not achieve closure, and although we did not reach sufficient power to investigate if this was significant, a major effect was detected. Thrombocytopenia indicates recruitment towards the focus of infection and has been documented in severe bacterial infections in humans before. 21 Our finding that patients with non-successful closure exhibited lower systemic thrombocyte counts might therefore indicate a more severe state of infection combined with a depletion of thrombocytes. However, one major limitation of this study is that we did not correlate systemic and local levels of leucocytes or thrombocytes and their mediators. Further studies seem warranted to further elucidate this interesting connection. While the detected changes in leucocyte and thrombocyte counts were only trends, significant effects were detected for CrP. Contrary to inflammatory cells, the acute phase protein CrP is a product of inflammation that does not exert any positive effect on wound healing itself, but rather acts as a marker for the severity of inflammation caused by infectious and non-infectious origin. 23 C-reactive protein is one of the major acute phase proteins in dogs. [24] [25] [26] It is a pattern recognition molecule that binds to pathogens (bacterial-membrane) and cells undergoing death. 23 It is mainly generated by the liver where the production of positive acute phase proteins is increased, while albumin synthesis is decreased by inteleukin-6 and interleukin 1β. 23 Besides the liver, small amounts can also be secreted by activated monocytes and lymphocytes. 23 Aggregated CrP efficiently activates the complement system through direct interaction with the classic pathway, which is triggered by activation of the C1-complex and enhances phagocytosis, and thus represents an important part of the first line of defence in the host. 23 One major advantage of CrP is that it rises markedly and rapidly once infection is present or after surgical trauma. 24, 27 Numerous authors have advocated the inclusion of CrP in standard inflammatory panels in dogs, as it reacts quicker and more profoundly than leucocytes. 25, 27, 28 As seen in previous studies investigating pyometra or sepsis, 26, 27, 29, 30 we were able to detect that CrP more reliably documented the failure to control local infection and subsequent non-successful wound closure compared with leucocytes. We also found that it is not only the absolute value at the beginning of therapy, but rather the development over time that made the difference. Similar to Dabrowski and colleagues, who investigated CrP as a marker for surgical site infections after pyometra surgery in bitches 31 , we found that values estimated at day 4 had the highest prognostic value. This is in part due to the fact that CrP is increased by surgical trauma, it will rise as fast as 6 hours after surgery and peak around 12 to 24 hours after completion. 31, 32 Therefore, monitoring CrP at day 1 is of little value if taken alone; however, if taken as a reference value for further development, it might become useful. Based on the results of our study, laboratory evaluations at day 1 and 4 after surgery seem most warranted for monitoring of inflammation.
It is interesting that total protein and albumin values did not differ markedly between patients with successful or non-successful closure, even if they represent one of the factors known to influence wound healing. 2 This might be due to the fact that these values will only be altered in severely ill patients, and are thus not sensitive enough to mirror subtle changes in local wound infections. There are several limitations to this study, including sample size, differences in wounds (localization, reason, size) and the lack to correlate systemic and local factors, which should be addressed in future studies. Investigation of wound exudate in dogs might be warranted, as it might resemble a more accurate and less invasive source for monitoring of local processes.
Conclusion
From the results of this study, we conclude that several parameters seem interesting regarding further investigation of their prognostic power in wound closure, including leucocyte and thrombocyte count as well as total protein. Among the tested parameters, CrP seems to be the most valuable parameter regarding the prediction of successful wound closure, with a cutoff value of 70.2 mg/L at day 4 reaching the highest sensitivity and specificity.
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